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was reduced to 1/100 with a filter. The amplitude of the main pulse was 385 mV within the linear
range of the photodetector. The time signal to noise ratio was better than 42 dB.

Figure 2. Signal to noise ratio and pre-pulse energy at different amplifiers when a regenerative amplifier
was used as the pre-amplifier.

Figure 3. Time signal to noise ratio of maximum output energy: (a) Pre-pulse amplitude when the
photodetector was overexposed; (b) main pulse amplitude when the photodetector was operated in
the linear range.

3.2. Main Amplifier and Suppression of SRS effect

In the Nd:YVO4 crystal of the main amplifier, the maximum peak power of the amplified pulse
can reach about 100 MW, which can easily bring about stimulated Raman scattering (SRS). In the
progress of SRS, the Stokes wave of Raman light has power gain exp(G). The exponent G is given by

G = gR IL (1)

where gR is the Raman gain, I is the amplified fundamental pulse intensity, and L is the length of the
nonlinear Raman medium. The first Stokes wavelength beams will appear when G is 25–30 [31]. The
Raman gain of gR of YVO4 crystal is 16.13 cm/GW [32]. So when

IL ≤ 1.55 GW/cm (2)

the Raman gain in YVO4 crystal will be below the threshold of SRS progress, and YVO4 crystal cannot
produce the Stokes wave. In our experiment, a 1064 nm laser with intensity of 2.65 GW/cm2 was
once injected into a Nd:YVO4 crystal with a length of 1.5 cm, which brought about the first Stokes
wave (λ = 1175.84 nm), as shown in Figure 4. The Raman shift of Nd:YVO4 was 890 cm−1, which was
almost the same as that of YVO4 crystal. After passing through Nd:YVO4 crystal, the energy loss of
fundamental 1064 nm laser reached to 20%. Therefore, the generation and accumulation of Raman
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light must be prevented in pulse amplification. However, this will affect the working parameters of
the Nd:YVO4 amplifier.

Figure 4. Obtained spectrum of first Stokes wave of Raman light as high intensity laser passing through
the Nd:YVO4 crystal.

The laser intensity continues to increase as the amplification based on the Nd:YVO4 amplifier
increases. To avoid the SRS process, Equation (2) must be satisfied in a high peak power amplifier.

∫ L

0
I(l)dl ≤ 1.55 GW/cm (3)

What is more, if
ImaxL ≤ 1.55 GW/cm (4)

There will be no significant Raman light. Imax is the maximum intensity in the amplification
process. So the crystal length L in an amplifier based on Nd:YVO4 is limited to the maximum
amplified intensity for averting the SRS process. At the same time, crystal length L also affects the
absorption efficiency of pump light of end-pumped Nd:YVO4 crystal. To obtain enough absorption
efficiency, absorption coefficient α and crystal length L in an end-pumped configuration should satisfy
Equation (5) [33].

αL = 4 ∼ 5 (5)

However, absorption coefficient α is an important factor of crystal thermal fracture. According to
Reference [33,34], thermal fracture limits pump power for end-pumped Nd:YVO4 crystal. During the
QCW pump operation, the generally accepted way to avoid thermal fracture is pumping the crystal
with an average power less than thermal fracture pump power Pav, which is less than the fracture
pump power Pcw of CW pump operation. The maximum pump power at QCW operation is given by

Pav = ηPcw=η
1
α

4πR
ξ

(6)

η is the correction factor, which depends on QCW pump duty cycle and repetition, considering
a QCW pump duty cycle of 10% in Nd:YVO4 crystal, η ≈ 0.6 [34]. R is thermal shock parameter
depending on the mechanical and thermal properties of the host material. ξ is the fractional thermal
loading. When Nd:YVO4 crystal is pumped with 808 nm, 4πR

ξ is about 250 W/cm [33]. Based on
Equation (6), we can see that thermal fracture pump power Pav strongly depends on α. Lowering the
dopant concentration can decrease the absorption coefficient and increase the fracture-limited pump
power. But in high peak power amplifier, suppression of the SRS process and pump light absorption
efficiency also limit the min absorption coefficient. With Equations (4)–(6), to avert the SRS process,
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when operating the QCW pump, the thermal fracture pump power Pav depends on the pulse intensity
and can be given by:

Pav 	 100
η

Imax
(7)

Figure 5 shows the relationship between the maximum pump power and the maximum laser
intensity at QCW pump duty cycle of 10% and 1 kHz level for Nd:YVO4 amplifier, which is described
as Equation (7). It can be seen that, the higher amplified intensity is the lower the maximum
pump power will be. When the amplified intensity is 1 GW/cm2, the maximum pump power
approaches 60 W. But when the amplified intensity increases to 4 GW/cm2, the maximum pump power
decreases to 15 W. At high peak power amplifier, the diode-end-pumped power for bulk Nd:YVO4 is
limited to suppression of the SRS process and thermal fracture of bulk Nd:YVO4 crystal. Therefore,
the amplification ability of an end-pumped Nd:YVO4 amplifier is limited to the laser intensity.

Figure 5. The relationship between the maximum pump power and the maximum laser intensity in
an end-pumped Nd:YVO4 amplifier at a QCW pump duty cycle of 10%.

In the main amplifier, the absorption efficiency of Nd:YVO4 (0.2%, 1.5 cm) with absorption
coefficient was 2.5 cm−1 and could reach 95%. Based on Equation (6), the calculated maximum average
pump power was about 60 W at 1 kHz with QCW pump duty cycle of 10%, so each sub-amplifier
pumped by 50 mJ pulses can work safely. Table 1 shows parameters of the picosecond amplification
stages. With an input energy of 4.5 mJ and a total of 300 mJ pump energy into the main amplifier,
we achieved maximum output energy of 65.4 mJ, corresponding to an optical efficiency of 20.3%.
The spot size in different stages were gradually increased to ensure the laser intensity was below
1 GW/cm2 and reduce the Raman gain. At different amplified stages, Imax ∗ Lcrystal in each stage had
the maximum value of 1.31 and below the SRS threshold of 1.55. In addition, catadioptric mirrors
between the two amplifiers are anti-reflective coated to reduce the accumulation of Raman light. Via
these measures, we achieved tens of mJ energy sub-ns pulse through a Nd:YVO4 amplifier without the
SRS process, as shown in Figure 6. There is no Raman light at a wavelength of 1176 nm (first Stokes
wave) and wavelength 1313 nm (second Stokes wave) in the maximum laser output.

Table 1. Parameters of the sub-ns amplification stages.

Stage Epump [mJ] Eout [mJ] Dout [mm] ηo−o [%] Imax [GW/cm2] Lcrystal [cm] Imax ∗ Lcrystal [GW/cm]

Seed - 0.055 - - - - -
Pre-amplifier 28.6 4.5 2.0 16.7 0.32 1.0 0.32

Main amplifier 1 100 22.8 2.6 18.3 0.72 1.5 1.08
Main amplifier 2 100 44.9 3.4 22.1 0.82 1.5 1.23
Main amplifier 3 100 65.4 4.0 20.5 0.87 1.5 1.31
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Figure 6. Obtained spectrum of the maximum laser output.

Figure 7 shows the spectra of the oscillator and amplifying systems. This sub-nanosecond oscillator
had several longitudinal modea. The main longitudinal mode got more amplification, and, after pulse
amplification, spectrum bandwidth became narrower. Narrower spectrum caused by gain narrowing
would increase pulse width. A change of pulse width after amplification was shown in Figure 8.
The pulse from the oscillator and amplifying systems was measured by a 8 GHz analog oscilloscope
and an InGaAs photodiode (UPD-70-IR2-P, ALPHALAS). The pulse width of the oscillator is 450 ps.
The pulse width of amplifying systems was 600 ps, corresponding to 109 MW pulse peak power.

Figure 7. Pulse spectrum of: (a) the oscillator (b) via the amplifying system.

Figure 8. Pulse temporal width of: (a) the oscillator (b) via the amplifying system.
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The beam images of this amplifying system are shown in Figure 9. The beam images were
measured with a commercial CCD setting at a position which was about 1 m away from each amplifier.
The laser beam of pre-amplifier had good Gaussian distribution. With the increment of pulse energy
in the main amplifier, beam center intensity gradually increased due to self-focusing, which could
lead to little beam deterioration, as illustrated in Figure 10. The output beam of the oscillator was near
diffraction limitation with M2

x × M2
y = 1.28 × 1.20. The M2 for the horizontal and vertical axes via the

amplifying system were 1.50 and 1.57, respectively. The results show the amplifier system still kept
good beam quality using diode-end-pumped Nd:YVO4 amplifier architecture when running at 1 kHz.

(a) (b) (c) (d)

Figure 9. Beam images of each stage. (a) pre-amplifier; (b) stage 1 in main amplifier; (c) stage 2 in main
amplifier; (d) stage 3 in main amplifier.

(a) (b)

Figure 10. Beam quality factor M2 of (a) the oscillator (b) via the amplifying system.

A 9 × 9 × 20 mm3 type I LBO (θ = 90◦, φ = 10.8◦) crystal was used for extra-cavity frequency
doubling. Maximum pulse 532 nm green light energy of 40.5 mJ was obtained at the maximum
pump energy. The conversion efficiency was 61.8% and corresponding green light power was 40.5 W.
The one-hour power stability has thus been tested, and 0.28% RMS was achieved, as shown in Figure 11.
Figure 12 shows beam quality of green light were 1.26 and 1.25 for the horizontal and vertical axes.
The beam distribution is also showed as the color image insets in Figure 12. The beam quality of
green light was better than that of fundamental light, which is because the nonlinear process during
frequency doubling can filter out the stray light with low peak power.
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Figure 11. Energy stability of amplified pulses from the whole amplifier.

Figure 12. Beam quality factor M2 of green light. The insets show the beam distribution of green light.

3.3. Conclusions

In conclusion, we have demonstrated a compact and efficient sub-nanosecond diode-end-pumped
Nd:YVO4 laser system. An off-axis four-pass diode-end-pumped Nd:YVO4 amplification architecture
was designed as a pre-amplifier. The main amplifier is composed of three stages, which include two
single pass end-pumped Nd:YVO4 sub-amplifiers. A maximum output energy of 65.4 mJ at 1 kHz
without the stimulated Raman scattering (SRS) process was obtained with pulse duration of 600 ps,
corresponding to 109 MW peak power. Good beam quality was obtained with M2 < 1.6, and the
excellent signal to noise ratio was more than 42 dB. Using LBO crystal, 40.5 W of 532 nm green light
and a 0.28% power stability (RMS) were achieved. We also analyzed the influence of the SRS process on
working parameters of diode-end-pumped bulk Nd:YVO4 amplifier. At the high peak power amplifier,
the limitation of diode-end-pumped pump power of bulk Nd:YVO4 crystal due to suppression of the
SRS process and thermal fracture. Our work offers an approach to estimate the maximum amplified
ability of end-pumped Nd:YVO4 crystal for high peak power laser amplification. This end-pumped
Nd:YVO4 sub-nanosecond laser system with high energy and good beam quality has simple and
compact structure, which makes this laser an attractive light source for remote laser ranging.
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